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MITOGEN ACTIVATED PROTEIN KINASE 
PHOSPHATASE cDNAs AND THEIR BIOLOGICALLY 
ACTIVE EXPRESSION PRODUCTS 

GOVERNMENT RIGHTS 

S This invention was made with government support under grant number ROI 

DK 45921 from the NIH. The government has certain rights in this invention. 

FIELD OF THE INVENTION 
This invention relates to mitogen activated protein kinase phosphatases and 
the nucleic acid sequences that encode them. The present invention comprises 
novel enzymes and the cDNA encoding them. The invention further provides nucleic 
acid hybridization probes, recombinant expression constructs capable of expressing 
the mitogen activated protein kinase phosphatases of the invention, homogeneous 
compositions of the disclosed mitogen activated protein kinase phosphatases, and 
antibodies against epitopes of each of the mitogen activated protein kinase 
15 phosphatases of the present invention. 

GENBANK ACCESSION INFORMATION 

££££ ACCESSION NQ 

Mitogen-activated protein kinase phosphatase-2 U23438 
(MKP-2) 

20 BACKGROUND OF THE INVENTION 

Mitogen-activated p/otein kinases (MAP kinases) mediate multiple cellular 
pathways regulating growth (1) and differentiation (2. 3). In neuronal cells, MAP 
kinase activity mediates the actions of growth factors like EGF that stimulate cellular 
proliferation as well as factors like NGF that maintain neuronal survival and 
25 drfferentiation (4-6). Such ligand-activated signal transduction pathways involve 
activation of receptor tyrosine kinases which initiates a series of phosphorylation 
events that activate a cascade of serine/threonine kinases converging on the MAP 
kinase (also called extracellular signal regulated kinase (ERK)) isoforms, ERK1 and 
ERK2 (7-9). 

Activation of MAP kinase involves specific phosphorylations on threonine and 
tyrosine residues within the Thr-Glu-Tyr motif (10) by MAP kinase kinase (MAP 
kinase and §RK kinase or MEK) (2. 11). Phosphorylation of both these residues is 
required for MAP kinase activation (11. 12). It has been suggested that the 
mactivation of MAP kinase is a critical event that regulates the physiological 
response to MAP kinase activation (13). This inactivation is mediated, in part by 
dephosphorylation of MAP kinases by dual specificity phosphate called MKPs 
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(MAP Kinase ahosphatases) that dephosphorylate both the threonine and tyroaine 
residues phosphorylated by MEK (13-16). The activation of MAP kinase appears to 
be tightly regulated through the coordinate action of MEK and MKPs. By regulating 
the extent of MAP kinase activation, these MKPe may dictate the choice of 
5 differentiation or proliferation within a developing cell (17). 

The prototype dual-specificity phosphatase. VH1. was identified in vaccinia 
and showed similarity to cdc25. a protein that controls cell entry into mitosis (18). 
VH1 homologues from human (PAC-1, CL100. and most recently B23), mouse 
[MKP-1 (3CH134 or erp)J. and yeast (Yop51, MSG5) have also been isolated (19- 

10 24). All are dual-specificity phosphatases that specifically dephosphorylate MAP 
kinase in vitro (25) and in vivo (13, 15, 26). MKP-1 (also called 3CH134 or erp) was 
discovered as an immediate early gene whose rapid transcription and subsequent 
translation are suggested to provide a feed-back loop to terminate growth factor 
signals (13, 19, 26). Overexpression of mouse MKP-1 was shown to inhibit 

1 5 dramatically fibroblast proliferation suggesting that the inactivation of MAP kinase in 
vivo by MKP-1 has a profound negative effect on cellular proliferation (25, 26). 

MAP kinase activation by growth factors has been extensively studied in 
PC12 cells (27). PC12 cells originate from a rat pheochromoeytoma and retain 
many features of neural crest-derived cells, most notably the ability to undergo 

20 neuronal differentiation upon stimulation by NGF (28). Transection with activated 
forms of the oncogenes res, raf-1 and src into PC12 cells is sufficient for 
differentiation in the absence of NGF stimulation (6. 8. 29). As each of these genes 
has been shown to converge on MAP kinase activation, this implies that components 
of the MAP kinase cascade are required for neuronal differentiation. More recently 

25 it has been shown that the activation of MAP kinase kinase. MAPKK-1 . is required 
and sufficient for PC12 cell differentiation (3). Despite our understanding of MAP 
kinase activation in neuronal differentiation, we know relatively little about MAP 
kinase inactivation. 

Because of the important role of MAP kinases In controlling cell growth and 
30 differentiation, it is desirable to have molecular tools useful for inactivation of these 
enzymes. The present invention presents such tools. 

SUMMARY OF THE INVENTION 
An object of the present invention is the development of useful molecular 
tools for determining and controlling the role of MAP kinases in cell growth and 
35 differentiation. Neuronal cells are of particular interest. A further object of the 
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present invention is to provide novel nucleic acids and MAP kinase phosphatases 
useful in the study and development of drugs aimed at regulating cell growth, 
differentiation, metabolism, and tumor suppression. 

Accordingly, the first aspect of the present invention comprises novel, active 
5 homogeneous MAP kinase phosphatase enzyme compositions and the cONAs 
encoding them. These compounds are useful for developing hybridization probes 
and antibodies for assaying MAP kinase phosphatase activity in cells and tissues. 
Another aspect of the invention provides nucleic hybridization probes, epitopes and 
antibodies to MAP kinase phosphatase. 

10 Yet another aspect of the invention provides recombinant expression 

constructs capable of expressing the MAP kinase phosphatases of the invention and 
homogeneous compositions of the disclosed MAP kinase phosphatases. In this 
manner, the present invention allows one to obtain large amounts of highly pure 
protein expression product without resort to the costlier and more time consuming 

15 methods involved in purifying the enzymes from tissues. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The foregoing and other aspects and advantages of the invention will be 
apparent on consideration of the following detailed description and the 
accompanying drawings, wherein: 

20 FIGURES 1A and 1B are a representation of the restriction map and 

sequence of the MKP-2 cDNA. A. The 4.8 kb MKP-2 cDNA was digested with 
various restriction enzymes and a schematic representation of some of these sites 
is shown. The following abbreviations are used - Rl, EcoRI: Pst. Psf\: A. Apa\; H. 
HindH, RV, EcoRV; Sma, Smal; Bam. flamHI; 5' UT, 5' untranslated region; 3' UT. 

25 3' untranslated region; ATG. translation start site: TAG, translation stop site. The 
coding region of MKP-2 is shown as a rectangular box with 2 different domains 
highlighted. The stippled box represents CH2 domains (cdc2 homology 2J (42) 
while the hatched box represents the catalytic domain. B. Nucleotide sequence and 
the encoded amino acid sequence of rat MKP-2 cDNA is shown. The translation 

30 start site is denoted as +1. The consensus catalytic site, the AU-sequence motifs 
in the 3' untranslated region, and the putative polyadenylation signal are underlined. 
The 5' and 3' untranslated regions are depicted in lower case letters. 

FIGURE 2 shows the amino acid homology between MKP-2, MKP-1 . PAC-1 
and B23. The amino add sequences of rat MKP-2. mouse MKP-1. mouse PAC-1. 

35 and human B23 are aligned with each other and the areas of homology are shown 
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as shaded boxes. The catalytic domain is boxed. Dots represent spaces put in for 
alignment. The darir grey boxes represent the two CH2 domains present in all 
MKPs. Arrows correspond to the primers used in the RT/PCR screening strategy 
for cloning MKPs. 

5 FIGURES 3A and 3B show the in vitro translation of MKP-1 and MKP-2 

cDNAs. A) Autoradiogram of "S-cysteine labeled products of a coupled in vitro 
transcription-translation reaction are shown using cDNAs encoding MKP-1 (tone 1) 
and MKP-2 (lane 2). B) Western blot analysis of PC12 cell lysates (100 fig total 
protein) using antisera directed to a MKP-1 peptide with significant identity to the C- 
10 terminal residues of MKP-2 (Santa Cruz Biotech). A 46 kD protein molecular weight 
marker is indicated. 

FIGURES 4A and 4B show that MKP-2 contains phosphotyrosine 
phosphatase activity. A) Dephosphorylation of the synthetic peptide Raytide by 
bacterial lysates expressing a truncated MKP-2 protein (amino acids 163-393). U; 
1 5 untreated extracts from bacteria expressing MKP-2. V; vanadate-treated extracts. O; 
okadaic acid treated, M; microcystine treated extracts, and C; control extracts from 
bacteria expressing vector alone. The activity is represented as percent of maximal 
stimulation. B. Dephosphorylation of ERK2 by MKP-2 is shown. Activated ERK2 
(PP42) (see Experimental Procedures) was incubated with phosphatase buffer alone 
(lane 1), bacterial lysates expressing vector alone (lane 2), bacterial lysates 
expressing truncated MKP-2 protein (lane 3), bacterial lysates expressing MKP-2, 
assayed in the presence of vanadate (lane 4). Phosphorylation was assayed by 
Western blotting with a phospho-tyrosine antibody as described. 

FIGURE 5 shows the ability of MKP-2 to block MAP kinase-dependent gene 
25 transcription. PC12 cells were transfected with 6 pgs of either RSV-globin (control) 
(white bars) or Raf BxB (constitutively active Raf) (grey bars) in the presence of 30 
tigs of vector alone (CMV). CMV-MKP-1 (MKP-1) or CMV-MKP-2 (MKP-2). In 
addition all cells received 3 //gs of the reporter 5xGaM-E1B luciferase and 3 ngs of 
Gal4-Elk-1. Activity is shown as light units/100 //g protein. Note the activities of 
30 cells transfected with RSV-globin and either MKP are below the limits of detection. 

FIGURES 6A and 6B show the expression of MKPs in rat tissues. A filter 
containing 2 pg of Poly A ♦ mRNA isolated from the indicated tissues (Clonetech 
Lab, inc., Palo Alto, CA) was probed with a MKP-2 specific riboprobe (panel A). 
stripped, and re-probed with a MKP-1 specific riboprobe (panel B). The molecular 
35 weight markers are indicated to the right. 
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FIGURES 7A and 7B show the expression of MKPs in cell lines. 10 /ig of 
total RNA was isolated from each of the cell lines indicated and probed with an 
MKP-2 specific riboprobe (panel A), stripped, and re-probed with a MKP-1 specific 
riboprobe (panel B). The migration of the ribosomal bands is indicated to the right. 
5 hMKP-2 refers to an MKP-2 specific transcript detected only in cells of human origin. 
Abbreviations for the cell lines include. RIN, rat insulinoma; GH 4 C1, rat pituitary 
tumor; AtT20. mouse pituitary tumor; W2, rat medullary thyroid carcinoma; LTK, 
mouse fibroblasts; PC1 2, rat adrenal medullary tumor MiaPACA, human pancreatic 
carcinoma; MOLT48, human lymphoblasts; HepG2, human hepatoblastoma; 

10 SKNMC, human neuroblastoma. 

FIGURES 8A, 8B, 8C, 8D. 8E and 8F show the localization of MKP-2 mRNA 
in the rat brain using in situ hybridization. Light field (A,C. and E are thionin 
counterstains) and dark field (B.D, and F) photomicrographs showing representative 
distribution of MKP-2 mRNA (32x). DG; dentate gyrus of the hippocampus, Pir; 

15 piriform cortex. 3V; Third ventricle, and Sch; suprachiasmatic nucleus of the 
hypothalamus. Sense MKP-2 riboprobe did not hybridize (data not shorn). 

FIGURES 9A and 9B show the effect of serum and growth factors on MKP-1 
and MKP-2 mRNA. A. PC12 cells were serum starved for 24h (U, untreated 
control) and were treated with medium containing 15% serum for the indicated times 

20 (left panel) or with NGF (1 00 ng/ml) or EGF (20 ng/ml) for the indicated times (right 
panel). 10 pg of total RNA from each treatment was analyzed by Northern blot 
analysis using an MKP-2 specific riboprobe, the filter was stripped and re-probed 
with MKP-1, stripped again and re-probed with a 18S ribosomal RNA probe. The 
results from each probe are shown. B. Quantitative representation of MKP-1 and - 

25 2 mRNA levels normalized to the 18S ribosomal RNA from an average of two 
independent experiments, one of which is shown in A. Presented values for all 
treatments represent fold induction compared to untreated cells (lane U) which was 
normalized as 1. The columns are aligned so as to be directly underneath the 
treatments indicated in A. Black boxes represent MKP mRNA levels in PC12 cells 

30 serum stimulated for the indicated times, grey boxes represent MKP mRNA levels 
from serum starved PC12 cells treated with NGF for the indicated times, and the 
white boxes represent MKP mRNA levels from serum starved PC12 cells treated 
with EGF for the indicated times. 

FIGURES 10A and 10B represent the induction of MKPs in the hippocampus 
35 by Kainic acid. 10 of total hippocampal RNA was Isolated from control rats (C) 
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or rats treated with 8 mg/kg Kalnic acid for the indicated times (kindly provided by 
Drs. James Douglass and Pastor Couceyro). A. Northern blot analysis was 
performed with a MKP-2 specific riboprobe, the filter was stripped and probed with 
MKP-1, stripped again, and re-probed with cyclophllin as an internal control. B. The 
5 blot was quantitated and the results were normalized to cyclophilin and are shown 
graphically. The black box /s the amount of MKP-1 mRNA and the grey box 
represents the levels of MKP-2 mRNA. 

FIGURE 11 shows that transient transection of MKP-1 and MKP-2 inhibits 
neurite outgrowth. PC12 cells were transfected with the indicated combinations of 

1 0 piasmids and where indicated were also treated with 1 00 ng/ml NGF for 2 days after 
transfection. RasV12 transfected cells were also incubated for 2 days after 
transfection. 0-galactosidase assays were performed and blue cells (/7-galactosidase 
positive) were counted. The presented values are an average of four individual 
counts from separate fields of two independent sets of transfections and are 

15 represented as the percentage of blue cells that elaborated neurites. 

FIGURES 12A and 12B show the identification of PC12 cells stably 
transfected with MKP-1 or MKP-2 cDNAs. PC12 cells were transfected with CMV- 
MKP1 or CMV-MKP2 respectively and selected for three weeks in the presence of 
oOOpg/ml G418. Neomycin resistant cells were clonally isolated and 10 fig of total 

20 RNA was used for Northern blot analysis with an MKP-1 specific riboprobe (A) or an 
MKP-2 specific riboprobe (B). Fold inductions over control untransfeoted cells are 
indicated in A. To demonstrate equivalent amount of RNA in each lane, the 18S 
ribosomal RNA bands are also shown (A and B). The endogenous sizes for MKP-1 
(1.9 kb), MKP-2 (6 kb), and the exogenous MKP-2 transgene (2.4 kb) are indicated. 

25 FIGURES 13A and 13B show ERK activation by growth factors, phorbol 

esters, and hormones is reduced in MKP-1 and MKP-2 overexpressing cells. A. 
PC12, MKP1.10. and MKP2.3 cells were serum starved for 24 hours and treated for 
10 minutes with the indicated drugs. ERK-1 immune complex assays were 
performed as described using MBP as a substrate. B. Quantitative representation 

30 of ERk activity assays from an average of either three independent experiments 
(PC12) or from two independent experiments (MKP1.10 and MKP2.3). Presented 
values for all treatments represent fold induction compared with untreated control 
PC12 cells which were normalized as 1. 

FIGURES 14A and 14B show the comparison of JNK activity in PC12 versus 

35 MKP2.3 cells. A. PC12 and MKP2.3 cells were serum starved for 24 hours and 
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treated for 15 minutes with the indicated drugs. JNK-1 immune complex assays 
were performed in duplicate as described using gst-<Hun as a substrate 
Quantitative representation of JNK activity assays from an average of two 
independent experiments is shown. Presented values for all treatments represent 
5 fold induction compared with untreated control PC12 cells which were normalized 
as 1. B. PC12 and MKP2.3 ceils were transiently transfected with or without MEKK 
in the presence of both Ga14-c-jun and 5XGal4-E1B-luciferase as indicated. 
Luciferase activity was determined and represents an average of three independent 
experiments. 



10 



FIGURES 15A and 15B shows the comparison of the kinetics of ERK 
activation by growth factors in PC12 and MKP2.3 cells. PC12 and MKP2.3 cells 
were serum starved for 24 hours and treated with NGF (A) or EGF (B) for the 
indicated times. ERK-1 immune complex assays were performed and quantitated 
as described. Values for each treatment represent fold induction compared to 
15 untreated PC12 cells which were normalized as 1. 

FIGURE 16 shows the Elk-1 independent transcription of growth factors is 
reduced in MKP2.3 cells. PC12 and MKP2.3 cells were transiently transfected with 
Ga14-EIM and 5XGa14-E1B-luciferase and were treated with the indicated drugs 
for 6 hours. Control represents transfected cells that were not subjected to any drug 
20 treatments. The absolute luciferase activity was then normalized to amount of 
protein within each lysate and the presented values are the mean of three 
Independent experiments. Note that the basal luciferase activity in MKP2.3 control 
cells were undetectable. 

FIGURES 17A, 17B and 17C show the regulation of MKP-1 and MKP-2 
mRNA expression. PC12 (panel A), MKP1.10 (panel B), and MKP2.3 (panel C) cells 
were serum starved for 24 hours (control) or treated with the indicated drugs for 30 
minutes prior to isolation of total RNA. 10 m of total RNA from each treatment were 
analyzed by Northern blot analysis using a MKP-1 specific probe as indicated. The 
filter was stripped and ra-probed with a MKP-2 specific riboprobe as indicated. To 
demonstrate equivalent amount of RNA in each lane, the 18S ribosomal RNA bands 
are also shown. The filter was scanned and quantitated using a Phosphorlmager 
and the results represent a fold induction over the control untreated cells. 

FIGURE 18 shows the regulation of fos mRNA expression. PC12 and 
MKP2.3 cells were serum starved for 24 hours (control) or treated with the indicated 
drugs for 30 minutes prior to RNA isolation. 10 pg of total RNA was analyzed by 
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Northern blot analysis using a fos riboprobe. To demonstrate equivalent amount of 
RNA in each lane, the 18S hbosomal RNA bands are also shown. As both filters 
were incubated with the same riboprobe preparation, the presented numbers 
represent fold induction over PC12 control cells, arbitrarily defined as unity. 
5 FIGURE 19 shows the regulation of stromelysin mRNA expression. PC12 

and MKP2.3 cells were serum starved for 24 hours (control) or treated with the 
indicated drugs for 24 hours prior to RNA isolation. 10 ^ of total RNA was 
analyzed by Northern blot analysis using a stromelysin riboprobe. The 18S 
ribosomal RNA bands are also shown to demonstrate equivalent amounts of RNA 
10 in each lane. The presented numbers (only indicated for agents that induced 
expression of stromelysin) represent fold induction over the control cells that were 
normalized as 1. 

FIGURES 20A and 20B show the comparison of the rate of proliferation 
between PC12. MKP1.10. and MKP2.3 cells. PC12, MKP1.10, and MKP2.3 cells 
were seeded equally and analyzed for growth rates using BrdU incorporation as an 
index of proliferation. A. The growth rate was determined in ceils growing in serum 
containing media for a period up to 6 days after plating. Each value is represented 
as the mean+Astandard error of six independent experiments. B. PC12, MKP1.10. 
and MKP2.3 cells were seeded at equal density and then serum starved for 2 days. 
Serum containing media was then added and the cells were analyzed at the 
indicated days. Again, each value is represented as the mean+Astandard error of 
six independent experiments. 

FIGURE 21 shows the phase contrast micrographs of morphologically 
differentiated PC12, MKP1.10. and MKP2.3 cells. PC12, MKP1.10, and MKP2.3 
25 ceils were serum starved for 24 hours (control) or were treated with NGF for the 
indicated days before fixation. Magnification 70X. 

FIGURE 22 is a representation of the corrected sequence of the MKP-2 DNA 
and amino acid sequence (see description of Figures 1A and 1B). 

FIGURE 23 shows the corrected amino acid homology between MKP-2, 
30 MKP-1. PAC-1, and B23 (see description of Figure 2). 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
In one aspect, the present invention provides a method of recovering MKP-2 
protein in substantially pure form comprising the steps of removing the supernatant 
from unlysed cells that express MKP-2 protein, introducing the supernatant to an 
affinity matrix containing immobilized antibody capable of binding to MKP-2 protein, 
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permitting the MKP-2 protein to bind to the antibody of the matrix, washing the 
matrix to remove unbound contaminants, and recovering the MKP-2 protein in 
substantially pure form by eluting said MKP-2 protein from said matrix. 

The term "substantially pure" indicates a protein or composition that is 
5 essentially free of contaminants similar to the protein, in the present case, the 
normal contaminants associated with rat MKP-2 protein predominately include rat 
proteins. Thus, rat MKP-2 protein is substantially pure if it is free of rat proteins. 
"Essentially free" is determined by weight In general, a composition containing 70% 
or more by weight rat MKP-2 protein and less than 30% of other rat proteins may be 

10 considered substantially pure. Preferably, the composition will be at least 80% rat 
MKP-2 protein, more preferably at least 90%, and most preferably at least 95% rat 
MKP-2 protein. The presence of dissimilar components does not affect the 
determination of purity, thus a composition containing 0.7 mg/mL rat MKP-2 protein 
in PBS will still be considered substantially pure if it contains less than 0.3 mg/mL 

15 other rat proteins. In addition, further purification utilizing a lectin or wheat germ 
agglutinin column may be used before or after the antibody matrix step. Other 
purification steps could include, for example, sizing chromatography, ion 
chromatography, and gel electrophoresis. Further purification by velocity 
sedimentation through sucrose gradients may be used. 

20 m another aspect of the invention, nucleotide sequences are provided that 

encode MKP-2 protein, as well as the use of such sequences or fragments thereof 
in the production of recombinant MKP-2 protein, as hybridization probes, orfor other 
purposes. It will be appreciated that alternate nucleic acid forms, such as genomic 
DMA. cDNA, and DNA prepared by partial or total chemical synthesis from 

25 nucleotides, as well as DNA with deletions or mutations, are also within the 
contemplation of the invention. Also provided are novel messenger RNA (mRNA) 
sequences corresponding to these DNA sequences. 

Figure 22 sets forth the nucleic acid and deduced amino acid sequence of 
MKP-2. Figure 22 differs from Figure 1B by six nucleic acid additions and 

30 corresponding amino acid changes which are boxed in Figure 22. Figure 23 also 
contains the corrected amino acid sequence for MKP-2. 

It will be appreciated that the invention includes nucleic acids having 
substantial sequence homology with the nucleotide sequence shown in Figure 22 or 
encoding proteins having substantial homology to the amino acid sequence shown 
35 in Figure 22. Homology refers to sequence similarity between sequences and can 
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liTT 0 ^ C ° mParin9 8 P0Sttten in MCh 8 ^ n - — • «* ^ aiigned fcr 
pulses Of companion. V^en a posflon h the compare* sequence , ^ 

by the same nucleotide ba 5e oram.no add. then the molecules are homologous at 
that posrtion. A degree of homology between sequences Is a function of the number 
5 of matching or homologous positions shared by the sequences. 

The term "sequences having substantial sequence homology" means those 
nucleotide and amino acid sequences which have slight or inconsequential sequence 
variations from the sequences specifically set forth herein, i.e., the homologous 
nucleic acids function in substantially the same manner to produce substantially the 

1 0 same polypeptides as the actual sequences. The variations may be attributable to 
local mutations or structural modifications. It is expected that substitutions or 
alterations can be made in various regions of the nucleotide or amino acid sequence 
without affecting protein function, particularly if they lie outside the regions predicted 
to be of functional significance. 

1 5 Proteins comprising an amino acid sequence which is 90% homologous with 

the amino acid sequence shown in Figure 22 may provide proteins having MKP-2 
activity. The biological activity of MKP-2 is discussed in greater detail In Examples 
1. 2, and 3 below, and is generally defined as the ability of the protein to inactivate 
MAP kinase. 

20 isolated nucleic acids encoding a protein having the biological activity of 

MKP-2 and having a sequence which differs from a nucleotide sequence shown in 
Figure 22 due to degeneracy in the genetic code are also within the scope of the 
invention. Such nucleic acids encode functionally equivalent proteins (e.g., a protein 
having MKP-2 activity) but differ in sequence from the sequence of Figure 22 due 

25 to degeneracy in the genetic code. For example, a number of amino acids are 
designated by more than one triplet. Codons that specify the same amino acid, or 
synonyms (for example, CAU and CAC are synonyms of histidine) may occur due 
to degeneracy in the genetic code. As one example, DNA sequence polymorphisms 
within the nucleotide sequence of an MKP-2 protein (especially those within the third 

30 base of a codon) may result in "silent" mutations in the DNA which do not affect the 
amino acid encoded. However, it is expected that DNA sequence polymorphisms 
that do lead to changes in the amino acid sequences ot an MKP-2 protein will exist 
within a population. It will be appreciated by one skilled in the art that these 
variations in one or more nucleotides (up to about 3-4% of the nucleotides) of the 

35 nucleic acids encoding proteins having the biological activity of MKP-2 may exist 
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among individuate within a population due t0 nature, allelic variation. Any and aii 

:z n :z m * r ,ons and resuffin9 am,n ° ™ — - - 

ZZ ? TT rtherm ° re ' ^ 56 006 ° f "" " ^ted 

cross-reacting family members of MKP-2 described herein. Such isoforma orfamiiy 

5 members are defined as proteins related in biological activity and amino acid 
sequence to MKP-2, but encoded by genes at different loci. 

in another aspect, the invention further Includes a method for producing an 
antibody which is capabie of binding to MKP-2 protein or DMA comprising the steps 
of preparing a peptide-protein or nucleotide-protein conjugate, said conjugate 
compnsmg at least 10. more preferably at least 14. and most preferably at least 18 
consecutive amino acid or nucleic acid residues present in MKP-2 protein or DMA 
immunizing an animal with said peptide-protein or nucleotide-protein conjugate'- 
booshng the animals, and obtaining the antisera. In connection with this aspect the 
present invention further includes monoclonal and polyclonal antibodies specific for 
MKP-2 protein and DMA. i.e., capable of binding to a MKP-2 protein or nude* acid 
molecule, es well as hybrldoma cel. .ines capable of producing such an antibody 

In other aspects, the invention includes the use of antibodies specifically 
ducted to MKP-2 protein or nucleotides, such as to isolate MKP-2 protein from 
sources producing the protein, for purposes of determining the presence or amount 
of MKP-2 protein in a sample, end for other purposes apparent to those skilled in the 
art 

This invention further includes a method of diagnosis of the presence and 
location of an MKP-2 protein expressing cell using labelted nucleotide probe 
sequences or labeled antibodies of the invention. 

The use of rat MKP-2 DNA. or fragments thereof, es a probe in the isolation 
punficatlon. and study of other MKP-2 proteins from other organisms is 
contemplated. Oligonucleotide fragments of MKP-2 DNA can also be used as 
primers to amplify (with specific DNA polymerase) genomic DNA. isolated for 
examp.e. from bacteria, fungi, avian, and mammaiian sources. The amplified 
genom,c DNA can then be analyzed to identify sequence variation/abnormality using 
the polymerase chain reaction assay (Saiki et al.. Scionae 230:1350 (1985) See 
also. Mullis. K.B.. U.S. Patent No. 4.683.202. July 28. 1987; and Mullis KB US 
Patent No. 4,683.195. July 28. 1987). 

For analysis of mRNA for MKP-2, or mRNA for related proteins dot 
hybridization and Northern hybridization analyses can be used to characterize mRNA 
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encoding MKP-2 protein or MKP-2 protein-like molecules quantitatively and 
qualitatively. From these studies valuable Information can be obtained about the 
number of different forms of MKP-2 genes and their expression in various cell types, 
e.g., bacteria, fungi, avian, and mammalian. 
5 In the nucleic acid hybridization method according to the present invention, 

the nucleic acid probe is conjugated with a label, for example, a fluorophore, a 
radioisotope, a chemiluminescent compound, etc. In the most general case, the 
probe would be contacted with the sample and the presence of any hybridizable 
nucleic acid sequence would be detected by developing in the presence of a 

1 0 chromogenic enzyme substrate, detection of the fluorophore by epifluorescence, by 
autoradiography of the radioisotopically labeled probe or by chemilumlnescence. 
The detection of hybridizable RNA sequences can be accomplished by Northern blot 
analysis, RNase protection assays, dot blot methodology or an in situ hybridization 
methodology. Methods of these last two techniques are described by Gillespie and 

15 Bresser, "mRNA Immobilization in Nal: Quick Blots." Biotechniques, 184-192, 
(NoWDec 1983) and Lawrence and Singer, "Intracellular Localization of Messenger 
RNAs for Cytosketetal Proteins," Cell 46:407-41 5 (1986), respectively. The readout 
systems capable of being employed in these assays are numerous and non-limiting 
examples of such systems include fluorescent and colorimetric enzyme systems, 

20 radioisotopic labeling and detection and chemiluminescent systems. 

Another aspect of the invention provides a nucleic acid which hybridizes 
under high or low stringency conditions to a nucleic acid which encodes a protein 
having all or a portion of an amino acid sequence shown in Figure 22. Appropriate 
stringency conditions which promote DNA hybridization, for example, 6.0 x sodium 

25 chloride/sodium citrate (SSC) at about 45° C, followed by a wash of 2.0 x SSC at 
50° C are known to those skilled in the art or can be found in Current Protocols in 
Molecular Biology, John Wiley & Sons, N.Y. (1989), 6.3.1-6.3.6. For example, the 
salt concentration in the wash step can be selected from a low stringency of about 
2.0 x SSC at 50° C to a high stringency of about 0.2 x SSC at 50° C. In addition. 

30 the temperature in the wash step can be increased from low stringency conditions 
at room temperature, about 22° C to high stringency conditions, at about 65° C. 

The foregoing and other aspects of the invention may be better understood 
in connection with the following examples, which are presented for purposes of 
illustration and not by way of limitation. 

35 
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EXAMPLE 1 

Enotond M ^ MA,. Bo.nrfn.ar Mann*.* (l „ dianapoli8 , „ and 

5 BRL Gaith.r.burs. MO), Ta, DNA ,«„ 6o m PwkMtnef >n<j 

*- US. Bfconamiea, Corp. <C,.v. b „d. OH,. A, ™ ^ ^ J££ 
<*.*-«^*««lh.m«ulw UB r. |a-»PJdATP(3000CiM,nol) "ShJATP »s 
i. »oi, ito ,.„„ „■•_ ^ C *» te »» (1075 Cl/mmol) and 

ta~ Um*. Ant^r, „ MKP-1 „, s pu^naaad ^ Santa ^ 
Botaohnok*, he An andbody ,o pnosph*,^, (don , 4G , 0) 
providad by Brian Dn-kar (OHSU. Portland. OR) (30 ). ' 
ST/PCS Amp/«e.to B . On. m, of fob* RNA from PC12 can. was uaad to 
15 " M strand cONA after an inHal anna.,** reaet)0 „ „ ai 

h^mar. « 70 -O for ,0 m«n. „ ^ « 

^ k 7! ^ PH 8 ' 3 ' " * KCI ' 3 ™ ^ 10 «■« °TT. 
500 mM of aacb of four dNTPs, and joo unto/n* 0 , ^ 

fr=n.cnpt.„ <RT) w„ .ddad and the mix w« inoub„. d „ 37 -c for 1 hr Th. 
•0 „ac«on w» MmkaM by p..*,*. tub* „, and |lw ^ was recoy 
by «hano, pwaptedon. Th . „.„„ wat „ a8hed ^ m 

n too m o, 5 «, rna. M * eota mix. f„o ml „ „, ^ was „ * 
««M »r PCR . mplBicMon . Inwa|y ^ de8enenite 

^^d^n^.^bpcONA^ Tba^prtmarcona.poZ 
5 to th. oonsanrcd WFNEA, ..qu.no. p™ Mnt m MKP-1 (26) ana p Ac ., L « 

to th. oonsarvad NFSFMG prea . n , ,„ MKP ., J"* 1 

CAT-(AG)AA-(GATC)(GC)(ATXAG)AA-(AG)TT-3') „„ J 2 , Tw0 ' ^ 
"^nudaobd M „™ m ^ toconftmftenwe)t>otMKpj Tb. 5 .prt m . r ^ 
degan«at. pnme, oonaapondin, to th. «on,.n»d YDQGgp stance < 5 -.TA(TC>. 
GA(TC)-GA(AG)-GG(GATCH3G(GATC)^C*3',, whteH,,^ JJ^L 
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PCR was allowed to proceed for 30 cycles. Each cycfe conned of 1 min at 94 «c 
1 min at 55 "C, and 1 min at 72 «C In a thermocycler (Perkin-Elmer Cetus) The 
PCR products were purified and suctioned into pBluescript (SK.) (Stratagene) using 
restnctoon enzymes engineered at the ends of each of the primers 
5 Screening of the PC12 cDNA Ubrary and fco/atfon of the full length 

clone. The 336 bp PCR fragment generated by using the specie MKP-2 prtmer 
(described above) was labeled by random primed synthesis and used to screen a 
PC12 oligo oT primed cDNA library in Igt10 with 5 x 10« individual recombinants that 
had been size selected prior tc ligation for clones greater than 2 kb. The library was 
plated onto 20 LB plates and allowed to grow at 42 «C to a concentration of 50 000 
recombinants/plate. The plaques were then transfer** onto nitrocellulose filters in 
duphcate. The filters were seated in prehybridization/hybridization buffer (6X5SC 
5X Denh.rdfs, 1% SDS. 0.01 M EDTA, 50% Formamide. 100 mg/ml denatured 
saimon sperm DNA) at 42 «C for 1-2 hrs with gentle agitation. Random primed 
probe was made as described in the Boehringer Mannheim kit. One to two million 
cpm/ml of boiled MKP-2 specific probe was added directly to the 
prehybridization/hybridization mix and hybridization was allowed to proceed at 42 "C 
for 24 hrs. The filters were washed in 2X SSC and 1% SOS for 2 hrs at 65 «C with 
frequent changes In the wash solution. The final wash was in 1X SSC and 1% SDS 
after which the filters were air dried and put on film. After the tertiary screen three 
positive plaques were obtained. Phage DNA was isolated by standard methods and 
d.gested with EcoRl to release the insert. The inserts obtained were cloned into 
pBluescript (SK-) and subjected to restriction enzyme mapping and sequencing 

Sequencing MKP-2 cDNA inserts obtained were sequenced on both 
strands by the method of Sanger (31) using sequenase reagents (U.S. Biochemical 
Corp.) according to the protocol suggested by the manufacturer. Multiple internal 
primers were made to allow sequencing of the complete 800 bp Insert The 4 kb 
insert was also sequenced using multiple internal primers on both strands through 
the termination codon and partially into the 3' untranslated region. Sequences 
proximal to the polyadenylation signal were also obtained, as shown (Figure 1B) ■ 
Ce//«i/ft,re anddrug treatments. PC12-GR5 cells (courtesy of Rae Nishi 
OHSU. Portland. OR) were grown at 5% CO, in Dulbecco's modified Eagle's 
medium (DMEM), containing 5% fetal calf serum. 10% horse serum and L- 
glutamine. Prior to drug treatments, the cells were serum-starved for 24 h with 
DMEM containing no serum and treated with either 100 ng/ml NGF or 20 ng/ml EGF 
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for the indicated times. 

RNA Isolation. Total cellular RNA was isolated using RNAzol™B (Biotecx 
Lab. Inc.) according to the manufacturer's protocol. Briefly, cells were grown to 30 
to 50% confluency in a 100 mm plate, rinsed with cold phosphate^uffered saline 
5 and scraped into 1 ml of RNAzol B. After vortexing. 0.1 ml of chloroform was added 
and incubated on ice for 15 minutes. The suspension was centrifuged and the RNA 
was precipitated from the upper aqueous layer with an equal volume of isopropanol 
After pelleting, the RNA was resuspended in water, quantitated at OD 2B0 . and used 
directJy for RT/PCR or Northern analysis! 

Northern blot analysis Ten m of total RNA was electrophoresed through 
a 1.2% agarose formaldehyde gel and transferred onto Magna NT filter (MSI 
Westboro, MA) using standard methodology in 6X SSC. Fitters were prehybridized 
in three ml of hybridization buffer (5% SDS. 400 mM NaPO,pH 7.2. 1 mM EDTA 
1 mg/ml BSA. 50% formamide) at 65 'C for 4 hours in a rotating hybridization oven.' 
2-5 x 10 7 cpm/ml of the antisense riboprobe was then directly added to the 
hybridization buffer and hybridization was allowed to proceed for 24 hrs. The next 
day. filters were initially washed in 1X SSC at room temperature for 15 mln and then 
washed in (0.05X SSC. 0.1% SDS, 5mM EDTA pH 8) at 70 'C for 3-4 hrs Filters 
were autoradiographed at -70 "C on Kodac XAR-5 film using Dupont intensifying 
20 screens. Quantitations were performed using a Molecular Dynamics 
phosphorimager 445 SF and all signal* were normalized to the 18S and cyctophilin 
signals respectively. 

Riboprobe Synthesis The 336 bp cDNA fragment generated by using the 
speofic MKP-2 primer (described under RT/PCR amplification in Experimental 
Procedures) was subcloned in pBluescript (SK-) and was used to synthesize 
antisense riboprobes by linearizing the plasmid with Sal I that was engineered into 
the 5' primer. Full length MKP-1 CDNA (kindly provided by Nicholas Tonks Cold 
Spnng Harbor Laboratory. Cold Spring Harbor. N Y.) was subcloned into pBluescript 
(SK-) and then linearized with Bam HI to generate a 1.0 kb MKP-1 riboprobe Rat 
cyctophilin (pSP65 1B15) and 18S ribosomal RNA (18SpSP65) plasmids (kindly 
provded by James Douglass. Vollum Institute. Portland. OR) were linearized using 
Pst I and Hind III respectively to generate linear antisense riboprobes. Antisense 
nboprobes were synthesized as described (32). Briefly, 1 pg of template DMA was 
incubated in transcription reaction mix (40 mM Trie-HCI pH 7.5. 6 mM MgCl, 2 mM 
spermidine. 10 mM NaCI. 10 mM dithiothreitol. 20 unite of RNasin. 0.5 mM each of 
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rATP. OTP. and CTP. 12 pM rUTP, 50 pM [a-*P|UTP : BOO Ci/mmol, and 15 units 
of the appropriate RNA polymerase) at 37 'C for 60 min. The reaction was stopped 
by the addition of 2 ante of RNase-free DNase and incubated at 37 'C for 15 min 
25 mM EDTA was then added, samples were phenol-chloroform extracted and 
5 ethanol preciprtated. Antisense riboprobes were resuspended in water 'at a 
concentration of 1-2 x 10 s cpm/pl. 

In situ Hybridization. Male Sprague-Dawley rats (200-300 g) were 
anesthetized and perfused with 1000 ml of 4% paraformaldehyde in borate buffer 

in T2V^!° (fiXati ° n ^ B,a,nS dl88eCted and incubated '« nation 
10 buffer for 8 hrs and then Incubated overnight in fixation buffer with 10% sucrose 

Brams were sectioned serially into 5 series of 30 mm slices with a sliding microtome 
Sections were prepared and hybridized as described (33). The 336 bp MKP 2 
specific cDNA fragment was used to synthesize antisense and sense riboprobes 
Sections were hybridized with labeled riboprobes (10' cpm/ml) in 66% 
15 formamide, 0.26 M NaCl, 1.32X Denhardfs solution, 13.2 mM Tris pH 8 0 1 32 mM 
EDTA, 13.2% dextran sulfate P H 8.0. at 65 -C for24 hrs. Slides were washed in 4X 
SSC, digested with R Na8 e A (20 mg/ml for 30 min at 37 <>C), and then rinsed in a 
stringent wash containing 0.1X SSC at 65 'C for 30 min. Sections were dehydrated 
d, PP ed in NTB-2 emulsion (Kodak), and developed after 21 days. Light and dark 
field photom,crographs were taken with a Dialux 22 EB at 32X magnification 

In vitro inscription and translation raactions. Full length MKP-1 and 
MKP-2 cDNAs were used in a coupled in vitro transcription and translation reaction 
using TNT coupled reticulocyte lysate system (Promega Corp.. Madison, W.) as 
per the manufacturer's instructions. Briefly. 1 pg of circular DNA was incubated with 
27.5 pi TNT rabbit reticulocyte lysate. 2 pi TNT reaction buffer. 1 pi T7 RNA 
polymerase. 1 pi 1 mM amino acid mix minus cysteine. 2 pi ^-cysteine (1075 
Ci/mmo. at 1 1 mCi/ml), and 1 pi RNAsin at 40 units/pl in a final volume of 50 pi 
The reaction was incubated at 30 'C for 1-2 hrs. The synthesized proteins were' 
separated by SDS-PAGE and analyzed by autoradiography. 

PC12 iransfaction a« ay s PC12 cells were grown to approximately 60% 
confluence prior to transaction. For transient transfection experiments. 3 pg of 
5xGal4-ElB .uciferase and 3pg of cytomegalovirus (CMV) GaW-Elkl transaction 
domain (Roberson et a.., manuscript in preparation) were used in combination with 
either 6 pg of Rous sarcoma virus (RSV) promoter coupled to globln (control) or 
constitutively active form of Raf kinase (Raf BxB); (34) and 30pg of either pCDNA3 
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(Invitrogen, Inc.) containing the CMV promoter. CMV MKP-1. or CMV MKP-2. Cells 
were transfected by calcium phosphate-mediated DNA transfer as described (35). 
Cell lysates were prepared 20-24 hrs following transfection and luciferase activity 
was determined as described (36). 
S Western blotting of PC12 proteins PC12 cells were lysed in 200 ^ of a 

1% NP-40 lysis buffer (25 mM Tris pH 7.4. 150 mM NaCI. 1 mM EDTA. 1.5 mM 
MgCI„ 10% glycerol. 1 mM EGTA. 1 mM PMSF (phenylmethylsulfonyl fluoride). 10 
voJm\ leupeptin, and 2 mM vanadate). Protein concentrations were determined by 
the method of Bradford (37). One hundred pg of total protein was resolved on a 

10 12% SDS-polyacrylamide gel and transferred onto Immobilon P membrane. The 
membranes were probed with an MKP-1 antibody (diluted at 1:2000) (Santa Cruz 
Biotech.. Inc.). A HRP-conjugated secondary antibody was used to allow detection 
of the appropriate bands using enhanced chemiluminescence (Amersham. U. K.). 
Bacterial Expression of MKP-2. The catalytic domain of MKP-2 encoded 

15 within a carboxyl-terminal 690 bp fragment (CMKP-2). extending from amino acids 
163-393, was subcloned into the PET 23b vector (Novagen) using specific PCR 
oligonucleotides. This vector provides an amino-terminal epitope tag derived from 
the T7 capsid protein (T7 tag) that can be detected using specific antibodies (T7 
antibody, Novagen). The frame of the resultant cDNA was confirmed by sequencing. 

20 This plasmfd and the vector alone were used to transform BL21 bacteria (Novagen). 
A protein of the expected size (28 kD) was induced upon incubation with 0.4 mM 
lsopropyl-b-8-thiogalactopyranoside (IPTG) and was detected using anti-T7 capsid 
antibodies. Prior to phosphatase assays, bacterial extracts were prepared in lysis 
buffer (50mM Tris-HCI, pH 8.0; 2mM EDTA) and sonicated. Insoluble debris was 

25 pelleted and the supernatant assayed directly. 

ERK2 dephosphorylatton assay. Activated ERK2 was prepared by 
incubating 10 ng of recombinant ERK2 (kindly provided by Dr. Edwin Krebs, 
University of Washington, Seattle, Washington) with 0.1 mg active MAP kinase 
Kinase (MEK) (Santa Cruz Biotechnology, Inc.) in 1X MEK buffer (25 mM Hepes. pH 

30 7.5; 10 mM MgCl a ; 1 mM DTT; and 50 mM ["PJ-g-ATP) at 30 °C for 30 min. The 
activation of ERK2 was confirmed by Western blot analysis using an antibody 
directed against phospho-tyrosine (30). Ten ng of activated ERK2 was incubated 
with 10 mg of bacterial lystates from MKP-2 expressing and non-expressing cells in 
1X Phosphatase buffer (50 mM Tris-HCI. pH 7.5; 1 mM EDTA; 10 mM DTT) for 15 

35 min at 30 °C. The reaction was stopped by the addition of an equal volume of 2X 
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Laemmli sample buffer and the samples were separated by 13% SDS-PAGE. The 
dephosphorylation of ERK2 was confirmed by Western blotting with the phospho- 
tyrosine antibody using enhanced chemiluminescence for detection of the signal. 
Phospho4yrosine phosphatase assay. The synthetic peptide Raytide 
5 (Oncogene Sciences) was phosphorylated on a unique tyrosine using src tyrosine 
kinase activity immunoprecipitated from C3H10T1/2 cells (kindly provided by Sally 
Parsons, University of Virginia) as described (38). Bacterial extracts containing 10 
to 60 mg of bacterial proteins were incubated at 30 oC for 30 min with labeled 
peptide (10« epm) in 100 ml of IX phosphatase buffer (described above). Additional 

10 reagents [10 mM vanadate, 20 nM microsystin-leucine-arginine (M-LR) and 1 mM 
okadalc acid] were added without prior incubation. The reaction was terminated by 
the addition of 0.75 ml of Stop solution (2 mM NaHP0 4 , 90 mM sodium 
pyrophosphate, 0.9 M HCI. 4% (v/v) Norit A). Following brief centrifugation, 400 ml 
of the supernatant was added to 2.5 ml of scintillant and the released counts from 

15 phosphatase activity were measured on a scintillation counter. All phosphatase 
assays were performed in duplicate. 

RESULTS 

PC12 calls express multiple MKPs; identification and cloning of a novel 
MKP To identify potential MKPs that are expressed in PC12 cells, a screening 

20 strategy involving RT/PCR amplification was employed. Alignment of the sequences 
of the known members of the MKP family (human PAC-1, mouse PAC-1. mouse 
3CH134 and VH1] showed areas of high sequence homology particularly 
surrounding the catalytic core consensus site (HCXAGXXR, where X=any amino 
add) ((23) and Figure 2). Degenerate primers were designed to the conserved 

25 amino acid sequence WFNEAI (5' primer) and the conserved amino acid sequence 
NFSFMG (3* primer) surrounding the catalytic core site (Figure 2). RT/PCR on total 
RNA from PC12 cells with these two degenerate primers revealed the expected 204 
bp product that contained a representative population of MKPs expressed in PC12 
cells (data not shown). This PCR product was gel purified, digested with restriction 

30 enzymes engineered at the primer ends, and subcloned into the appropriate sites 
in Bluescript. Five positive clones were obtained that were analyzed by sequencing. 
One clone was identified as the rat homolog of MKP-1 or 3CH134 (19). The 
remaining four clones were identical and showed some unique features in 
comparison to the other known MKPs. To analyze this clone further, two additional 

35 primers were designed. The 3' primer was directed to a unique stretch in the cloned 
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has significant sequence differences compared to th« «♦* 
The terminal half of MKP-2 (amino T ***** "** fcm * 

1 while tHe Ctemiina, „a,f ( 7^^^^*^ 
neariy 100 % ^ around the J^L"^ 

! MK ^' t0 a " 0W ,ran8Cnp,,0n *• Promoter, ft, w*, and 
trenslaton of MKP-1 and MKP-2 cDNA reveafed the expected 39.4 kD and 42 6 kD 
proteins respectively (Figure 3A). Antisera directed to an MKP-1 C-terminal peptide 
sequence (amino acids 348-366) detected proteins of sizes simitar to MKP-1 and -2 
from PC12 cell lysates (Figure 3B). This cross-reactivity is likely the result of the 
significant homology between MKP-1 and -2 in this region (Rgure 2). 

The MKP-2 protein contains phosphotyroslne phosphatase activity A 
carboxy termina. fragment of MKP-2 (amino acids 163-393) comprising the eniire 
catalytic domain was subcloned into the bacterial expression vector PET-23b and 
expressed in the £ coff strain BL21 (LysS). Induction of bacterially expressed 
truncated MKP-2 by IPTG was confirmed by Western blotting using an antibody 
d.rected to the T7 capsid epitope (data not shown). Bacterial extracts expressing 
the truncated MKP-2 fusion protein displayed phosphotyrosine phosphatase activity 
that was inhibited by vanadate, but not by okadaic acid nor microcystine-LR 
.nh.brtors of serine/threonine phosphatases (39. 40) (Figure 4A). These extracts but 
not extracts expressing vector alone, could dephosphorylate activated ERK2 pretein 
m Vltro as monitored by Phospho-tyrosine Western blotting (Figure 4B). This 
dephosphorylation was blocked by vanadate (Figure 4B). 

MKP-2 blocked MAP kinase-dependent activation of the Elk-1 
transaction domain. To demonstrate biologically significant activity towards 
ERKs in vivo, the fell-length cDNA encoding MKP-2 (MKP-2FL-6 cDNA) was 
subcloned into a CMV driven expression vector (CMV-MKP-2) and expressed in 
PC12 cells with a Ga.4-E.k-1 fusion protein used to direct expression of a Gal4- 
luoferase reporter. Transcriptional activation by the E.k-1 transactivation domain 
requires activated MAP kinase (41). In these cells, a constitutively active Raf-1 
mutant. Raf BxB. induced Elk-1 dependent transcription of the luciferase reporter by 
greater than 100-fold (Figure 5). Co-transfection with a MKP-1 expression vector 
underthe control ofa CMV promoter (CMV-MKP-1) blocked the activation by greater 
than 60% of maximally stimulated levels. Co-transfection with similar amounts of 
CMV-MKP-2 reduced expression by greater than 00% of maximal levels (Figure 5) 
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wnasa - """""""'Maotn-Mion of Bk-1*M assayed In 

o activity. 

MKP-2 fe expressed /» mosf testes and ceil lines examined; distinct 
expression compared to MKP-1. "redetermine .he distribution of MKP-2 in various 
Issues, Northern blot analysis using , 336 bp MKP-2 specific riboprobe (described 
,n Experimental Procedures) revealed expression in most tissues obtained from 10- 
12 week rats (Figure 6A). MKP-2 mRNA was detected in most tissues including 
bran, spleen, and testes with the highest expression in the heart and lung and lower 
expression in skeletal muscle and kidney. No MKP-2 expression was detected in 
the fever. The same blot was stripped and roprobed with a riboprobe made to the 
entire coding region of MKP-1 (Figure 6B). This probe did not cross react with the 
6 kb MKP-2 transcript. A 2.4 kb mRNA corresponding to MKP-1 was detected in all 
treeues but testes. The highest expression of MKP-1 was seen in the lung as 
previously reported (19. 26), and in the heart (similar to MKP-2). In the testes, MKP- 
2 is abundantly expressed but not MKP-1. in the liver, the inverse expression 
pattern is found. These opposite expression patterns in two different tissues 
suggests different physiological roles for the members of the MKP family These 
results show a fairly abundant basal expression of MKP-1 end MKP-2 in most 
t.ssues with distinct tissue distribution patterns between MKP-1 and MKP-2 MKP-2 
as expected from the 4.8 kb cDNA which was missing a portion of the 5' 
untranslated region, encodes an approximate 6 kb transcript distinct from the 2.4 kb 
25 MKP-1 mRNA detected in the same tissues. 

RNA was also isolated from cell lines of different lineages and 10 mg of total 
RNA from various cell lines was analyzed by Northern analysis using the 336 bp 
MKP-2 specific riboprobe (Figure 7A). A single 6 kb MKP-2 transcript was detected 
in all rat and mouse derived cell lines of different lineages while a single -A kb MKP- 
2 transcript was detected in all cells of human origin. The same blot was stripped 
and reprobed with an MKP-1 riboprobe (Figure 7B). No MKP-1 wae detected in cells 
of human origin. This may reflect the inability of the mouse MKP-1 riboprobe to 
hybndae across species to cells of human origin under the stringent conditions used. 
A rat MKP-1 probe was also used with similar results (data not shown). 

Distribution of MKP* in the CNS. It has been shown that ERK1 mRNA is 
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expressed in a,l areas of the brain with the ingest expression ,n the hippocampus 
« ^ .cortex white there was no overiapplng expression ofCUoo^uZ 
MKP-1) , n those same areas (42). In order to determine the distribution of MKP-2 
mRNA m the brain, we performed In situ hybridization analysis on rat brain sections 
5 wrth an S-antisense and sense MKP-2 riboprobe. MKP-2 appeared to be 
expressed in many areas of the brain with very strong staining of the hippocampus 
p.riform cortex, and the suprachiasmatic nucleus (Figure 8). The sense riboprobe 
did not show any specific staining (data not shown). These results suggest the co- 
localization of an ERK isofbrm. ERK1 , and a MKP isoform. MKP-2, in specific areas 

10 of the brain where MKP-1 is not expressed. 

Regulation of MKP-1 and MKP-2 in PC12 ce/fe. MKPs have been shown 
to be immediate early genes and are transcriptionally regulated by a variety of 
agents. For example. MKP-1 mRNA appears to be induced by bombesin, EGF. 
TPA, cAMP, and FGF to different extents and with different kinetics suggesting the 

15 involvement of this phosphatase in various signaling pathways (26). A recent 
member of the MKP family, B23, has also been shown to be regulated by serum in 
human skin fibroblasts (24). In order to determine the involvement of MKP-2 in 
different neuronal signal transduction cascades in PC12 cells. Northern blot analysis 
was performed to determine the levels of MKP-1 and -2 mRNA following growth 

20 factor stimulation. 

To determine whether MKP-2 mRNA is serum-inducible. total RNA was 
isolated from PC12 cells that were serum starved overnight and then stimulated with 
media containing 15% serum for various times. Ten mg of RNA from each treatment 
was analyzed by Northern analysis using an MKP-2 specific riboprobe as described 

25 above. Both MKP-1 and MKP-2 were expressed in unstimulated PC12 cells (Figures 
7A, B and Figure 9). Serum stimulation caused a Diphasic stimulation of MKP-2 with 
a gradual increase by 1 hr followed by a transient decrease and then a subsaquent 
increase in expression of MKP-2 by 4 hr. The same blot was stripped and reprobed 
with MKP-1 and the MKP-1 transcript followed a similar but less robust stimulation 

30 (Figures 9A. B, teftpane/). All quantitations were normalized to the 18S ribosomal 
RNA as an internal control. 

To address whether differences in the induction of distinct MKPs may account 
for the differences observed in the kinetics of MAP kinase activation seen following 
NGF and EGF treatment of PC12 cells (5). PC12 cells were serum-starved and 

35 treated with NGF or EGF for various times. Ten mg of total RNA from each of these 
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treatments was analyzed by Norttom k. * 

»-t NOT indue* „ MKp ., J^*"* f""! 8 * 

-MM a, ^ elev8IM tevete upon NQF Lw™, ,X J«pT 

resulted in a second induction of both MKP-1 fi 
m and MKP-2 W * 4 hr . ^ ^ ^ J£J «* 

MAP kinase cascade also result in lh© transcriptional activation of MKPs £ 

:rr:r ren ' ^ — - mkp — - - - - - 

MKP-2 ntRNA In the h,ppocmpus (Figure 8). wa an,*™, MKP-2 aspre»ion after 
adu. rets (250-300 „ had ^ sutM , d „ „, p 

MKP , ^ia T """^ 5 UM * 1 hr 01 - -atmcn, while 
MKP-1 mRNA was induced w-a* (Flgun! 10B) 

25 tren.cnp.ona „, UKPs ^ ^ 

stress-induced pathways In the brain. 

DISCUSSION 

rem mkTz^ « 3 ^ "* P *- P^ares. w. 

snows distinct differences. In contrest, the MKP PAC-1 is esoressed 

lymphoid ce«s (23). Like MKP-1 ,„«, PAC, MKP 2 she™ h , ' " 

, Mrsp ^ shows homo ogy to other 

^ phosphatases, iis sequence is most censed w«h MKP-1 Z* \Tc 
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spedfldty of MKP-2 towards a phospho-threonine has yet to be proven. However 

ritrr ~ both mkp - 2 and mkp - 1 b,ock ^ z 

ranscrtpton^, as been shown for PAC-1 (15,. All four MKPs contain the CH2 
domams fed^S fcomofcoy 2) ^ are ^ prewnt .„ ^ ™ 

rj.e^r 6 ^^ 0 ^ '"^.^cata.y.c domain, situated 

lura T21 J" 8t N " te^1linl,8 WhSre the CH2 *ound 
2) h 0,656 CH2 d0mains are ^nal has yet to be proven but 

they have been speculated to either increase substrate seiectivity or to be ,nvo,ved 
in localizing proteins to nuclear or cytoskeletai locations (42) 

10 m k IT ,arSe ^ ^ 3 ' re9l0n " MKP ' 2 ™«* ■« the shorter 

(697 bp) 3 untranslated region present in MKP-1 and may play a reguiatory rote in 

post-transcnptiona. events such as transcript stability. Several AUUUA motifs are 

found in the 3' untranslated region of both MKP-1 (19. 26) and MKP-2 (Figure 1B) 

MKP-2 also has a 25 nucleotide stretch of AU sequences which might also 

15 contnbute to posttranscrtptional control. These AU sequence motifs have been 
•mphcated in the short half life (-10 min) of MKP-1 mRNA (19). Such runs of AU 
eequences occur in the 3' untranslated regions of lymphokines, cytokines and proto- 
oncogenes and are thought to be recognition signals for selective mRNA 
degradation (43). The role of these motifs in MKP-2 regulation has yet to be 

20 determined. 

lncontrasttotheexpressionofPAC-1 which is limited to lymphoid cells (23), 
MKP-1 and MKP-2 show expression in a broad range of tissues with distinct 
drfferences. These distinct tissue distribution profiles may dictate unique roies of the 
members of this family in the regulation of MAP kinases and might reflect their co- 
25 expression with certain MAP kinase isoforms. MKP-1. ERK-1 (42) and MKP-2 
mRNA are expressed in discrete areas of the brain. ERK2 expression is also 
prominent in neurons, cel. bodies and dendrites particularly within the superficial 
layer of the neocortex, the hippocampal CA3 region, dentate gyrus, and cerebellar 
Purine cells (44). The co-localfcation of MKP-2 and the ERK isoforms in certain 
discrete areas of the brain suggests that ERK1 and ERK2 may be physiological 
substrates for MKP-2. However. MKP-1 and MKP-2 also show overiapping 
expression which suggests that compression of MKPs and ERKs is not the only 
criterion for substrate specificity. 

The function of MAP kinase in post-mitotic neuronal cells is unclear MAP 
kinases within the developing and adult centra, nervous system (45) are activated 
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by bom neurotrophic growth factors and neurotransmtoers. Forexamp* activation 
of the N-methy^-aspartate (NMDA) receptor leads to Increased tyrosine 
Phosphory.at.on of an ERK isozyme in hippocampa. cuKures (46). Kainate is an 
NMDA receptor antagonist that induces secures and immediate-eady genes within 
5 the hippocampus (47. 48). The induction of CL100 (human MKP-1) and B23 mRNA 
by oxidative stress and heat shoe, has been reported (22. 24) and the induction of 
MKP-1 and -2 observed with Kainic acid treatment may represent a regulatory rote 
these genes might play in response to cellular stress. „ is not known whether the 
stress activated kinases are substrates for the MKPs (49) 
10 Basal expression of MKPs may be important for the resting cell. Vanadate 

at-mulates MAP kinase activity in resting PC12 cells (data not shown) This 
suggests that a consttutive tyrosine phosphatase activity may inhibit basal MAP 
k,nase activity, in addition, the introduction of dominant negative mutants of MKP-1 
mto unstimulated COS cells activates MAP kinases in the absence of serum (13) 
IS Therefore MKPs may be active in resting ce..s and might function to minimize the 
level of basal MAP kinase activity in the resting cell. 

In PC12 cells, both NGF and EGF stimulate a receptor tyrosine kinase to 
Phosphorate and activate similar intracellular substrates including MAP kinase 
^oseactionisrequiredforbothprolrferathveanddifferentia^ 4 50 / 

0 It has been suggested that the duration of MAP kinase activation determines the 
Wotog,ca. response to growth factor stimulation (5. 51). Proration is associated 
wrch a transient MAP kinase activation (5. 51. 52). while agents that induce a 
drfferentlating response produce a sustained activation. ,t is not known whether 
regulation of MKPs establishes the time courses of MAP kinase inactivation We 
5 demonstrate that both NGF and EGF induced a rapid increase in MKP-1 and MKP-2 
mRNA levels with a more substantial increase in MKP-2 compared to MKP-1 
Whether this inductton of MKPs is response for the rapid inactivation of MAP 
kmase by EGF is not known. A recent report demonstrates that inactivation of MAP 
k.nase by EGF is independent of MKP-1 induction (53). Our resutts would egree 
with their findings as NGF, which sustains the level of active MAP kinase for a longer 
durafon than EGF. also resulted in elevated levels of MKP-1 and -2 for at least 4 hr 
of drug exposure. Therefore, it is possibte that the MKPs are regulated post- 

ZTT2oV" BSe a96nt6 - ^ dtffeW,Ce5 in tr8nS ~ ^on of 

35 f T m " ^ 8099681 "* h8Ve "^nanisms 
35 of regulating MKP activity. 
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In conclusion, PC12 cells express st least two related MKPs. MKP-1 and 
MKP-2. The identification of a family of MKPs that are expressed within the same 
cell suggests distinct roles for each member of this expanding family. Discrimination 
of the actions of these MKPs may occur through the divergent amlno-termini of these 
5 proteins. Further studies are required to identify the physiological roles of each 
member of this unique family of phosphatases in order to gain a better 
understanding of the mechanisms involved in cellular proliferation, differentiation, 
and stress. 

EXAMPLE 2 

10 Insights Into physiological roles of MKP-1 and MKP-2 have come from 

transient transfection studies where the extracellular signal regulated kinases (ERKs) 
activation was blocked by MKP overexpression (60, 68. 70, 73). For example, 
transient expression of MKP-1 and MKP-2 into PC12 cells inhibits ERK-dependent 
pathways (68). However, transient transfection, which permits transcription from 

15 multiple copies of the exogenous plasmid DNA, results in levels of expression that 
generally exceed those reached during physiological induction of transcription. In 
contrast to the action of transiently transfected MKPs, physiological induction of 
endogenous MKP-1 and MKP-2 in PC12 cells following NGF treatment does not 
correlate with the inactivation of ERKs (68). These observations suggest that the 

20 specificity of MKP's actions may depend upon their level of expression as well as 
other factors. Less robust expression can be achieved using stable expression of 
transfected genes which requires chromosomal integration and selection and 
therefore may mimic more closely the levels reached during physiological 
stimulations. In the study set forth below, we compared the effects of transient and 

25 stable expression of transfected MKP-1 and MKP-2 on signaling pathways initiated 
by extracellular stimuli that activate the ERK signal transduction cascade. We 
demonstrate that ERK activation and neuronal differentiation are differentially 
sensitive to MKP expression. 

Materials. PC12-GR5 cells were kindly provided by Rae Nishi (Oregon 
30 Health Sciences, University, Portland. Oregon). The Ga14-Elk-1. 5XGal4-E1B- 
luciferase, and RasV12 plasmids have been described previously (68). The Ga14-c- 
jun plasmid was a kind of gift from Richard Goodman (Vollum Institute, Portland, 
Oregon). C-fos cDNA was kindly provided by Jim Douglas (Amgen, Thousand Oaks. 
California) and the stromelysin-1 cDNA was provided by Gary Ciment (Oregon 
35 Health Sciences University). Agarose-coupled antibodies to JNK1 (FL) and ERK1 (C- 
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16) were from Santa Cruz Biotechnology (Santa Cruz. California). NGF was from 
Boehnnger Mannheim, EGF was from Sigma, Forskolin and PMA were from 
Calbiochem. 

C ^^ p C12^R5ce,,sweregrownatS%C0 2i nDulbec M 'smodified 
5 Eagle's medium (DMEM) containing 5% fetal caif serum. 10% horse serum and L- 
glutamine. Prior to drug treatments, the cells were serum starved for 24 h with 
DMEM alone and subsequently treated with 100 ng/m! NGF, 50 ng/ml EGF 10 uM 
Forskolin, or 100 nM PMA. 

Piasmids. Full length MKP-1 cDNA (1.9 kb Hind Hl-Bam H. fragment) was 
subcloned into pcDNA3 (InvHrogen) under the cytomegalovirus (CMV) promoter to 
generate CMV-MKP1. a truncated MKP-2 cDNA fragment containing the entire 
coding region (2.4 kb Eco RV fragment) was also subcloned into pcDNAS to 
generate CMV-MKP2 (68). pcDNAS contains the neomycin gene driven by the SV40 
promoter. 

Transient tnmsfections 60*0% confluent cells were co-transferred using 
the standard calcium phosphate co-precipitation method (Gibco BRL) with the 
.nd.cated combinations ofthe following piasmids: 10*gof RSV-^alactosidase 20 
/igofCMV.MKP1, 20^ofCMV-MKP2, 10*, of RasV12 or5„gof Ga15-Elk-1 and 
5 pg of SXGau-EIB-iuciferase. In order to determine the transcriptional activation 
of c-jun, cells were transfected with or without 1 ^ of MEKK and 5^ of both Ga14- 
<Hun and 5XGai4-ElB-luciferase as indicated. The parent vector pcDNA3 was 
added to each set of transfers to equalize the amount of DNA the cells received 
Four hours following transfection, cells were glycerol shocked and allowed to recover 
•n serum containing madia overnight. Cells were then starved overnight in 
supplemented serum free media (N2) which contained DMEM with 5pg/ml Insulin 
100 „g/ml apo-transferrin, 30 „M Sodium selenite, too MM Putrescine, and 20 nM 
Progesterone. Cells were then treated with the indicated drugs for 6 hours prior to 
harvesting. Briefly, cells were washed twice in phosphate buffered saline (PBS) 
scraped in PBS. spun at low speed to collect cells, and lysed by freeze-thawing 
three times in 100 mM K^. pH 7.8. The iysate was spun at high speed and the 
supernatant was assayed for luciferase actMty using a luminometer (AutoLumat 

Lo953). 

Histological Section of fi^aloctosiaase. The expression of B- 

di a re rr rr d to ident * * mn *° - 

drfferenfating cells. For counting blue cells 0-galactosidase positive) with neurites 
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the transfected cells were exposed to NGF for 2 days prior to fixation. PC12 cells 
were fixed in 2% paraformaldehyde and 0.2% glutaraldehyde for 5 minutes after 
which cells were washed in PBS and subjected to a f-galactosidase assay Cells 
were exposed to 2 mM MgC«„ 5 mM Ferric cyanide. 5 mM Ferrous cyanide and 
5 0.1% X-ga. in PBS overnight at 37- C. Transfected cells were identified as those 
staining end were then counted to determine the percent of blue cells with neurites 
in each set of transfers. Each set of transfections was done in duplicate and 200 
cells were counted for each experimental condition. 

Stable transfections PC12-GR5 cells were seeded at 3 x 10 s cells per 100 
mm plate 48 hours prior to transfection. Cells were transfected with 20 pg of CMV- 
MKP1 and20«ofCMV-MKP2 respectively by calcium phosphate co-precipitation 
and were exposed to the precipitate for 4 hours. The cells were then glycerol 
shocked and allowed to recover in complete media. 48 hours .ater. cells were split 
and plated in comptete media containing 800 ^ G 418. Stable neomycin- 
resistant cells were cionally isolated using cloning rings at 3 weeks post-transfection 
and maintained in media containing 600 /ig/ml G418. 

RNA Isolation, Riboprobe synthesis, and Northern blot analysis RNA 
isolation using RNAzol B and MKP-1 and MKP-2 riboprobe synthesis has been 
described elsewhere (68). The c-fos tmnscript was detected by linearizing the 1 3 
kb pGEM-cfos plasmid with Eco Rl and using SP6 RNA polymerase fbr antisense 
RNA probe synthesis in the presence of ^p-utp (40*^). Stromelysin 
transcripts were detected by linearizing pGEM-TR1 with Hind III and using T7 RNA 
polymerase to make antisense RNA transcripts. The conditions for Northern blotting 
us,ng cRNA probes has been described (68). All fitters were scanned and 
quantitated using a Molecular Dynamics Phosphortmager 445SI. 

Proliferation Assay Equal numbers of cells (2000/well) were seeded for all 
three cell lines (PC12. MKP1.10, and MKP2.3) on 96-wel. plates. Proliferation was 
assessed by using the Cel. Proliferation ELISA, BrdU kit (Boehringer Mannheim) 
Briefly, cells were labeled with 10 ,M BrdU for 4 hours after which they were fixed 
directly on the plate. Cells were then incubated with a BrdU-antibody. washed 3 
times, and incubated with substrate for 10 minutes prior to addition of the 1 M H SO 
stop dye. Results were quantized immediately on a ELISA reader at 450 nm Each' 
day represents an average of six independent wells for each of the three cell ,ines 
Cells were also serum deprived by exposure to N2 media for 2 days prior to 
stimulation with serum containing media for the days indicated. Again each day 
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represents an averse of six independent wM. for each cell h. 

SW cantor Treated and untreated cells were lysed in 

a lyst. buffer caataWn,, ,„% Sucrese. , % wmo, 20 raM T *a pH „ o 137 mM 

s ::ir °:r r edta ' 1 mM pmsf - 1 ^ ^ 

remove nude, and ,„e supematant M , asMyM ^ gRK ^ 
^(..d^^BredrereA,^,^^.^^^,^ 
«up.ad.n,tbody,,ERK., <Z.* )mmm « 4 . c . The immunoprecipitated ERK 
1 was wafted 3 times in tysls bufl* and wl! aMayed ^ „„„. 

10 W. - 10* my** beafc protein (MBP) and ,0pC, ^tp „ of 
buffer eo raM Hepet , „ M mM ^ ^ * 

vanedare. and 20 mM Sodium Ftuonde tor 30 mmutes a, 30- C. Reactions were 
TlTT ****»™°" <«*»"> i— - »n*e buffer and analyzed by sZ 
PAGE. Ouanttrton. were performed by acanning , he geH using a Phosphonmager. 

JMtomn, emptor as.., Treated and untreated catts were lyeedina 
ly-e buffer contesting 20 mM Hepes-KOH pH 7.4. 2 mM EGTA, SO mM «. 
Pyrophosphate. ,0* Glyoerel, , H Tmon x-,00. , „ m , , mM ^ 
Vanadate. 04 mM PMSF. 0.5„m„ Aprodnln. and Umm Laupapdn. rte lysates 

20 ZaT ,T T " ""^ *" S ~ n ' "~ for JKN 

20 ecttwty. 100 „ of tota, protein ,„ determined by BrMr0r0 ^ „, 

^mmunoprecWated wdh an a , a re.«»upted .ndbody te JN «.„FL, overnight a.4- 
C. The tmrnun^pteted JNK-1 was washed 3 « m . s m each of 3 buffers (Lysis 
buhd, Ltct bu^er ,500 mM UCt. ,00 mM Tns-HC pH 7.6. , mM DTT, and 0^ 

25 ,"2 fT "f A " ay P0 M0PS * 7 * ' ° mM "0CI,. 2 mM EGTA, 
25 1 mM DTT. and 0.,* Tnton x-,00,) and was assayed tor Kn.se ac6vlly by 
tnoubatet, w«h 3 „ Gst^n and , ^, r » P . ATP jn assay buffer for 30 minute, 

30 Morphotogfcat detenn/n.don o. b were grewn on Pdmana pta.es and 

were serem statved In N2 media ,or 24 houts (con** and subsaquanB/ ^ ~ 
NGF ,n N2 modi. for the days ln*«ed. CeB. were washed twice wtth PBS Z 
fared ,„ 4* pareformeldehyd. and 0.1 % giutereldehyde for 5 minutes eta, which 

35 2zrr~ 
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RESULTS 

*PC»2 «,«.. To eomp.re m , act™ of MKP-1 ,„ d MK P-2 in goyemlng cellular 

o^T," 9 , "'" 0n> 01 " KP '' MKP " 2 " «* *» — «— We ate 7 J 
iTtT " T enC ° a '" 8 * 8 " aC " >Si<l>M • — r for trended 

hBteto » te " - f-g.lactosid TO ^Wy. 0 n. «, „, 

IT vT ° ^ ,1> - B0 ' h NGF ""**" — - »»• 

«» P«V12 p,.^ dKwlopM h 4M0% 0 , me ^ a|actoa|Mse J 

»».. However, following treneto* trenrfacion of MKP-1 and MKP-2, only 10-20% 
of tha /malactosiaas. positive cm Howad neurfto. (Figure 11). These reauH, 

15 ^TT? * " ,embe ' °" he MKP MKP * — «*« "eurona, 

M?P , ^" T " an!l • n,h, ° Ver " Pr * Med « - *'» re, 
MKP-1 (73). In comrea., u „o, r „,», phy , lok>sil! ., condilfant ^ 

endoganou, MKP-1 and MKP-2 reRNA axprea^on by NGF doaa no. M naurena, 

dtfferenbabon ,68). It is important th.re.ore. to „,„*» Pc , 2 calls where to. 

ov.rexpres.ton ofMKPs is maintained at more physical Therefore w. 

20 hav. examined .tobl. PC12*enved can are, «,„ express MKP. ,o leva* mat' are 

stmilar to tha, achieved touting inducdon of MKP, by physiological agents 

""^ «* "KP-2 ov.rexpre„,„ 9 .to.,. CM „„„ To 

- —» « ■** overexprassfcn o, MAP idnaL 
phoaphatoaes, w. genereted ctona, «Ha«e, met atobly expressed MKPs . pc12 
call, were trenstocredwltoMKP., and MKP-2 cONAs under the control of the CMV 
premotor and srfeetod using naem^dn. The percentage of neomyein-po,«v. and 
MKP., andMKP-2^ ce^wa,^. Becomes*, cm. Irenecnbed MKP- 

llZZ^ ,0 6M09e " ous MKP - 1 — «■ ■»»• - ""- 

««™.d.m«edby<, u .naa«,no, N ortn.mb,.„,Fi 9 „ re , 2A) . The mkp-2 .rensgene 

0 was destgrred to encode , shod 2.4 at ,ren.cHp, OT of to. ^ 

T T * ^ h *• end09Wous *— * PM «- - — 

were ntontrfied Hatred on me preMnce of me edditiona, , m a.r band by Northern 
«*- (Figure 12B, Th. express o, toe dansgene, „ ^ J J^Z 

1 etll^n yB08 *" e * Ma "" W • <, ™"-'-~-. sfmitar to, W1 . 
ech»v.d to»o»ng inducllon by NGF and EGF (68). Therefore. «,„. clon,, ,m. s 
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«m (MKP, ,0 and MKP2.30 we™ expands fcr lniw Mudy . ^ 

•made, and round., h snapa Md d0 „„, ^ 0 «* «• 

5 ;~ roi2 ■* — • * - - ~ h 

no-mone. and pf^e, ester e^ „ rc^ l Z 

10 ,3A end ,3B, 62. 65. 69 . rt , Wa ' 

•** .1 EPK-1, in ^d «ype c», and ,„ MKP ^ ^1 

Phofco, IIM* (PMA), Broflue . . M aetvMon 

10 nrnudM by an immune complex aetKray .„.„ (Flgu „ 1M) . MKp ., 

etnee. Bod, MKP,.,0 and MKP2.3 cits enes showed . dr^io .educdon TZ 

ss. r* ^ and homonM ,o — erk - 1 ^ 

20 Quantttoeon of the ,mm une assa/s sh01w overaxpfession 

of MKP, and MKP-2 mRNA h PC12 Mte ^ ^ ^ ™~ 
indue* aedyadon of ERKs 80-80% in MKP2.3 eells and 5040% i„ MKP, 3. 

ERK aedvdy also appeared ,. be few* in ^ MKp omm ^ Ht 
a compared to wild type oefls (Fipu,. 13B). inaen). 

(S6. 64>. Therefc™, we examined the stimulation of JNK aetMty by NGF EGF 
ft**, end PMA, ,. we, IN w»d type PC.2 cm. dwdmd, « imu L on ri * 
2«> - on,y b, EQF „.s* M) ^ ure 14A , ln MKP2 3 ^ baM| 
0 and EGF sOmutatad levels were only ^ My reduce0 EGF * 
potent ao,^ of ERKs „2.5. W d, ^er man tn. JNK s „ l m ^ e ™ 

JNK. were no, ,oti«,ed aipnitondy m e»b, r „,„ ^ ot MKPJ 3 ^ J, ^ 

cells. UV h,ht , st,mul«ot of JNK ace*,. », uted in . M ,„,„ ^ 

3, 
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rr . ,,,, ^z^rjLtritr 

atimulatod by MEKK « « .«.„< „ MKP23 ^ MB) 1 £2 
10 rtomonsti*,. tat ta . 9Mte „. miBrt h „, ^ tntmnm 

mm than ta JNK, and tat ta activated ERKs, ,„ n „, JNKs . „ , he p(im ^ 

t * — * — - .»d „,„ a, . z; 

ayt.m to exemln. ta consequence* of diminlahed ERK ectivadon Mowing MKP 
oveiexpression on signaling pathways via tan agents. 
5 Both ta duration and magnitude of ERK activation have been proposed to 

*M. MNM response to orowti, factor,. Th.rafo«. w. examined ta 
toaaca of ERK activaion in MKP cverexpmasion calls, W. «,„.d PC12 and 
MKP» cells wtih NGF and EOF for ta in,*** Uroes >nd pMomwd ^ 
convex assays m, ta ERK-1 antibody. The reeutis were quantised and show* 

£T» ZTf 01 ERK ty ** NGF EGF ra « -«■* *— "> 

MKP2.3 „„,. However, ta kinetic, of ta activation profte ranatad aWtor 
figures M and ,56). Th. affec. ., «. wducUo „ o, ERK activation on ,he 
Physic,, response of ta M cell, to growti, factor stimubtion was subeequentiy 

' ""' .coVado* ofE«K. wp ona^. 

*.««*,*»,. l„ ontar to detomtin. if ta MKP-induced reaction m ERK.ac»v,.ion 
by growti, factors and otar ag^te I* to ch.n 9 .s ,„ OTne wresaon . we J£Z 

^..b,» t yofMKPov.r«p^onc. te to.c,^.ta, K Hp.on,,anERK^Z.t 
gen. through ta tian.chpti.na! activator. EM. Sever., .tod*, nave shown ta, 
ERK phosphorylation ate. m ta estaxy, teTO ™, tmm0mm B * nrtio „ ^ 
of E M am auf»c*n, ,o ^ g, n!oWion „ ^ ^ 

« >M* tianstectod wtih ta ehlmenc repon* S ene, Gai^a,., and 6XGat4- 
ElcWucrferase and ta nex, day war. tieatod with EOF or NGF to, 6 noun, ph., „ 
harvesting and performing luctiams. essays. These agento are .hough, to activate 
,he " ^ « * activation of ERKs 
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increased ludferase activity (Figure 16). The activation of EMM transcription 
MKP2.3 eel,, Although E.k-1 can be activated by JNKs as well as ERKs (72) 

5 riTrt ate l JNKS S ' 9nifiCant,y m ^ * *" - ««™ ce„s (Figures 
5 14A and 14B). Therefore, E.k-1 activation by these agents reflects ERK activation 
rather than JNK activation. WE conclude that the reduced EGF and NGF-induced 
ERK actnnty in these ce.«s was responsible for the reduction in ERK-dependent gene 
expression. AKhough PMA-induced ERK action was Inhibited in MKP2.3 cells 
(F,gures 13A and 13B), this did not result in a reduction of Elk-1 induced 
transcription (Figures 16A and 16B). Since E.k-1 can a.so be activated by JNKs 
(72). the increased Elk-1 induced transcription by PMA in MKP2.3 cells may be due 
tothe increase in JNK activation seen following PMA treatment of these cells (Figure 

Resru/atfo/, of endogenous MKP-1 and MKP-2 inscription in MKP 
15 ovewpnssing ceils. MKP-1 mRNA is undetectable in quiescent fibroblasts (55) 
in the wild type PC12 cel. line used in this study, serum starvation does not resu., 
,n .oss of MKP-1 and MKP-2 expression (Figure 17A). suggesting that the basal 
levels of MKP expression are not dependent on serum factors in these cells 
However, stimulation of these serum-starved cells with EGF, NGF, forskoiin, and 
20 PMA resulted in a modest increase in MKP-1 and MKP-2 mRNA (Figure 17A) NGF 
and forskoiin were the strongest activators of MKP-1 and MKP-2 RNA (Figure 17A) 
These agents aiso produced a sustained activation of ERKs suggesting that the 
trans,ent MKP induction by these agents does no inhibit activation (73) 

25 h. • h T ° 3SSeSS f0,e ° f ERK8 ^ ***** ° f MKP mRNAs - » e compared 
25 the ,nduct,on of MKP-1 and MKP-2 in wild type cells to those seen in both MKP 

overexposing cells line s (where ERK activation by these agents Is reduced 

Signflcantly) (Figures 13A and 13B). The induction of MKP-2 mRNA by NGF 

forskoiin, and PMA in the MKP1 .10 cells was diminished compared to wild type cells' 

<F,gure 17B). Because the MKP-1 transgene encodes an RNA of the same size as 

30 the endogenous transcript, the effect of these agents on the endogenou B MKP-1 

MKP r T!T 0 08,18 C0U ' d ^ * diStin9UiShed ^ robust ■"*«*'" of both 
MKP-1 and MKP-2 transgenes by forskoiin and PMA in MKP overexpressing cells 
may be due to the presence of cAMP/PMA response elements present with the CMV 
promoter that was used to direct the expression of the MKP transgenes. This was 
35 most clearly seen in the transgene-specific MKP-2 band (Figure 17Q. 
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h « »v,*,„ ffi „, MKp . 2 „„ ^ „, M 
MVMM. from fte e^o»enous MKP-2 ^.cp, (Figure 17C) "1!^ 

W ui noi rim was diminished compared to wild hraa mii* Tk. 
induction of endogenouo MKP-2 mRNA in MKP2 3 L. 

.n MdwM Cdmpoi»m to the regulaton „ „.,„ MKP ., * 
.spresemn. T*. indutfon of . Mo9enous MKP-2 mRNA oy agem. tha, alt 
ERKe wee more sorely ^ „ MK P-ov.„xpre,eing j£ 
indueo.no, MKP-2 mRNA ma, o. mom depend.* „ ERK J^J" 
Eflee, of MKP owmapn..**, „, 

15 T^m^c^MKP., ^ns^lo^^J^ ERK. 
depend.*, ^.cWy »» c-fos p™^ m 8hc . ERK ^ J£ 
factom and othor aoeou was subaantMy reduced ln MKp2 
mqu„m.m of ERK action * cm. regm,^ .„. mlnod vue assayed Z 

expression of the immediate earty gene o*>« an . a 

M . ,9 ° IW ' c ™' 30 minuteefollowinjdruQtmetment 
M A8 compared to wad type PC12 cells in*.*— .. 

oew, induced c-foe expression 0y NGF, EGF and 

forekolin was reduced in MKP2.3 cells (Fioure 181 M«w.«. 

, "nisingure ie). Modest overexpiesslon of MKP- 

tameir*' ! Pa '"'" y " bl0a< d«mxPms«on o, dm 

™r. pi r 6, by ^ *~ — • in 

oomres,. PMA-mduced expression of Cos ws. n« reduced in »«. «„ (Floure 
5 7 ,BS * ao ' PM *^'»^«.^P.mdoxio.„ rKr e,.. inJNK J,™ 
following PMA^imulaeon of umse «n,,s compared * wad type ee», 

Wdd type PC12 e*» w raatm .„, sjQp „ d ^ 

^^7^*™*"*'" « BeceJstm^lUl" 
be regul«ed by ERK-dependent papway, m m ^ 

locks* » MKP1.10 ee«s end was partally bloclmd in MKP2.3 cell. (Rgure 18) The 
MKP2.3 ce,,.. Idenuce, resula were ech,e»ed using Mple ^ ^ „ MKp 
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overexposing cells (data not shown). Therefore, reduction of ERK activity by these 
agents was associated with inhibition of the expression of the .ate gene stromelysin 
e*« ofMKP'1 a„„ MKP.2 0^„ on pnlifofation Qnd 
^tfon. Prevous reports suggest that the sustained activation of ERKs by 

"1 ? r Uir8d ^ PC12 06,1 dWerentiaUOn Whereas the transfen < ovation of 
ERKs by EGF is required for proliferation (57, 66). In order to examine the biological 

consequences of MKP overexpression and reduced growth factor-inducible ERK 
activation, we measured the proliferation rate of MKP1.10 and MKP2 3 cells The 
proration rate of parents, PC 12 ceHs growing in serum was higher than that of 
10 MKP1.10 and MKP2.3 cells (Figure 20A). MKP2.3 cells had the slowest rate of 
proliferate. When the cells were partially synchronized by serum starvation for 2 
days and then stimulated with serum, both MKP1.10 and MKP 2.3 cells ere delayed 
in their entry into the cell cycle (Figure 20B). Row cytometric analysis on the three 
cell lines confirmed these results with MKP1.10 and MKP2.3 cell lines showing a 
decrease in the percent of cells in S phase compared to wild type cells (data not 
shown). These results suggest that the reduced growth factor-stimulated ERK 
activity is associated with a reduction in proliferation in both MKP-1 and MKP-2 
overexpressing cells. 

We next examined the ability of NGF to induce differentiation in the MKP 
20 overexpressing cells. Despite the severely blunted response od MKP1 10 and 
MKP2.3 cells to ERK activation by NGF, these cells were able to extend neuritic 
process similar to their parental cell line (Figure 21). The time course of this 
differentiate response in MKP overexpression cells was similar to wild type cells 
<F,gure 21). Additional MKP overexpressing clones were also treated with NGF and 
s.milar results were obtained (data not shown). These results suggest that high 
levels of sustained ERK activity are not absolutely required tor morphological 
differentiation. 

EXAMPLE 3 

As discussed above, the mitogen-activated protein kinase cascade mediates 
sgnals that govern both cell growth and differentiation. The MAP kinases initially 
included only the extracellular signal regulated kinases (ERKs) which respond to 
mrtogenic signals. However, another pathway is known to respond to a variety of 
cellular stresses by activating a related family of MAP kinases, called stress- 
activated protein kinases (SAP kinases) or jun N-terminal protein kinases (JNK s) 
(74). At least two JNKs, JNK-1 (81) and JNK-2 (75), response to a variety of Ras- 
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(7*75. 80, 82) ,„ d Bk-1 ,83). Th. phpapno^ „ ^ „ J^Lm ^ 

~* 7* " imU " ,te " <W» Because map kin8M 

•* ,n a «n, ato n .b*„ (Uh „„„„„„ MKp ., 
5 ~. a stud, w. S ««, ^ JNK ^ dWed 

P»*w=ys ,ndu» apoptoafe in both neurena, and „„ and M tn|s ^ £ 

pare.* ~ by MKP, ^ a mechanism „,„ „ ^ 
on ERKa. Thua, «no MKP-2 « In. present ^n may play . ^ ^ 
detem, m ,„g oa» fete b» setecttre repugn „ n^mc an» aneas-acovared 
Palhways, Mug* apoptefc m .^ponae te ac8vaton „, 
oncogenes. 

Based on the foregoing, it will be appreciated that the MKP-2 of the present 
invention and inhibitors thereto, may be used in therapeutic applications such as 
cancer therapy. Expression of MKPs in human tumors including prostate, breast 
colon, lung and bladder, function to direct oncogenic signals into a proliferative 
pathway away from apoptosls. The use of MKP inhibitors such as an Inhibitor of the 
MKP-2 of the present invention, will selectively act on tumor cells to redirect the 
oncogenic signal into apoptopic pathways. It will be appreciated that such novel 
chemotherapies may be combined with current non-surgical treatment for human 
cancer, including radiation and chemotherapy, both of which are stimulators of the 
stress-activated protein kinase cascade (79. 85) that kill tumor cells by triggering 
apoptosis (86). Moreover, because apoptosls in neuronal cells contributes to the 
morbidity associated wKh neurodegenerative diseases, stroke and Alzheimer's 
dementia (84). the MKP-2 of the present invention may be used in the development 
of novel therapeutic strategies for neurodegenerative diseases as well 

While the preferred embodiment of the invention has been illustrated and 
described, it will be appreciated that various changes can be made therein without 
departing from the spirit and scope of the invention. 

All publications cited herein are incorporated by reference to the same extent 
as rf each individual publication was specifically and individually indicated to be 
-ncorporated by reference. The invention now being fully described it will be 
apparent to one of ordinary skill in the art that many changes and modifications can 
be made thereto without departing from the spirit or scope of the invention. 
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WE CLAIM: 

1. An isolated nucleic acid comprising a nucleotide sequence encoding 
mammalian MKP-2 protein. 

5 2. The isolated nucleic add of Claim 1 comprising a nucleotide sequence 

encoding mammalian MKP-2 protein having an amino add sequence shown in 
Figure 22 or homologs thereof. 

3. The nudeic acid of Claim 2 comprising a nudeotide sequence 
10 encoding mammalian MKP-2 protein having an amino acid sequence greater than 

about 90% homologous with the amino add sequence shown in Figure 22. 

4. An isolated nucleic acid comprising a nudeotide sequence encoding 
mammalian MKP-2 protein, wherein said sequence encoding the mammalian MKP-2 

15 protein is capable of hybridizing under low stringency conditions to the complement 
of the nucleotide sequence shown in Figure 22. 

5. An isolated nudeic add comprising the nucleotide sequence shown 
in Figure 1B. 

20 

6. An isolated nucleic add comprising the nucleotide sequence shown 
in Figure 22. 

7. A recombinant vector comprising the nucleic acid of any of Claims 1 -6. 

25 

8. A transformant host cell transfected with the vector of Claim 7. 

9. A method of expressing recombinant nucleic add which comprises 
culturing the cell of Claim 8 under conditions which allow for the expression of the 

30 nucleic add with which it has been transfected. 

10. A protein encoded by the nudeic add of any of Claims 1-6. 
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1 1 . The protein of Claim 10 having an amino acid sequence as shown in 
Figure 22. 

12. An antibody capable of binding the protein of any of Claims 10-11. 

5 

13. The antibody of Claim 12, wherein the antibody is a monoclonal 
antibody. 

14. The antibody of Claim 12, wherein the antibody is a polyclonal 
10 antibody. 

15. A hybridoma cell line capable of producing the antibody of any of 
Claims 13-14. 
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